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Abstract This study aimed to reveal the pathophysiologi-
cal signalling responsible for radiation-induced sensitiza-
tion of hepatocytes to TNF--mediated apoptosis. IB was
upregulated in irradiated hepatocytes. Administration of
IB antisense oligonucleotides prior to irradiation inhibited
occurrence of apoptosis after TNF- administration. Casp-
ases-8, -9 and -3 activities were increased in irradiated
hepatocytes and downregulation of apoptosis by IB anti-
sense oligonucleotides was mediated by suppression of
caspases-9 and -3 activation but not of caspase-8 activation,
suggesting that radiation-induced sensitization of hepato-
cytes to TNF--mediated apoptosis additionally requires
changes upstream of caspase-8 activation. Herein, upregu-
lation of FLIP may play a crucial role. Cleavage of bid,
upregulation of bax, downregulation of bcl-2 and release of
cytochrome c after TNF--administration depend on radia-
tion-induced upregulation of IB, thus demonstrating an
apoptosis permitting eVect of IB.
Introduction
It is well accepted that hepatocytes are quite radioresistant
compared to other cells [1–7]. On the other hand, the liver
is a highly radiosensitive organ: the development of radia-
tion-induced liver disease (RILD) is considered to be a
major dose limiting complication in abdominal irradiation
[8]. The threshold dose for whole liver irradiation is
assumed to be between 20 and 30 Gy [9]. Hepatic vein
lesions and parenchymal cell death are the most promi-
nent histological lesions [10]. Furthermore, liver irradia-
tion above the threshold dose is not followed by a
recovery phase and restitution ad integrum, but leads to
progressive liver Wbrosis and cirrhosis at least in animal
studies [11].
The pathophysiological mechanisms of hepatocellular
cell death after irradiation are widely unknown. In fact, in
our previous publication we were able to demonstrate that
irradiation alone does not lead to apoptosis of hepatocytes.
However, irradiation leads to susceptibility of hepatocytes
to TNF--mediated apoptosis, whereas incubation of non-
irradiated hepatocytes with TNF- does not lead to apopto-
sis [12]. The intracellular mechanisms underlying these
eVects are still unclear. In previous experiments, we
detected early changes in gene expression after irradiation
of hepatocytes in vitro by cDNA gene array expression
analysis [13]. In these experiments we used samples of
hepatocytes from two diVerent isolations. Concerning IkB,
in the Wrst sample an upregulation could be observed, while
in the second it was less than 1.5-fold enhanced compared
to sham-irradiated control hepatocytes. The data on IkB
were not included in [13] because of the contrasting result.
In the present study, we were able to show that upregula-
tion of IB is crucial for the induction of susceptibility of
irradiated hepatocytes to TNF--mediated apoptosis.
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tion are also required.
Materials and methods
Animals
Male Wistar rats (200–260 g) were kept on a 12-h day/
night rhythm (light from 07:00 to 19:00 h) with free access
to water and food. Rats were anaesthetized with pentobarbi-
tal (60 mg kg¡1 body weight) before preparation of hepato-
cytes between 08:00 and 09:00 h. The study protocols were
approved by a government review board. All animals
received care in compliance with institutional guidelines,
the German Convention for Protection of Animals and the
National Institutes of Health guidelines.
Cell culture
Hepatocytes were isolated by collagenase perfusion. Cells
(1 £ 106 per dish) were maintained under standard condi-
tions [16% O2, 79% N2, and 5% CO2 (by volume)] in
DMEM (Biochrom, Berlin, Germany) containing 0.5 nM
insulin added as a growth factor for culture maintenance,
100 nM dexamethasone required as a permissive hormone,
and 10% foetal calf serum.
Irradiation
Hepatocytes on the Wrst day after isolation were irradiated
with 6 MV photons at a dose rate of 2.4 Gy min¡1 using a
Varian Clinac 600 C accelerator (Varian, Palo Alto, USA).
Flow cytometric and Xuorescence microscopic 
quantiWcation of living, apoptotic and necrotic hepatocytes
For quantiWcation of apoptotic cells, we used Xow cytome-
try after trypsination of hepatocytes (Epics ML, Coulter,
Krefeld, Germany). To detect apoptotic, changes staining
with Annexin V-FITC/propidium iodide and the TUNEL
method (Tdt-mediated X-dUTP nick end labelling) were
used (Boehringer, Mannheim, Germany). Data obtained by
TUNEL-labelling were identical to those obtained with the
Annexin V-FITC/propidium iodide binding. As a third
method to detect apoptosis on the single-cell level, we used
the mitochondrial membrane sensor kit from Clontech, Palo
Alto, California, USA. BrieXy, this method is based on the
fact that the dye is able to accumulate in intact mitochon-
dria. In case of apoptosis, it aggregates in the cytosol and
changes its colour from red to green. By this change of the
Xuorescence colour, it is possible to discriminate between
apoptotic and living cells.
Western blot analysis of IB, Bcl-2, Bid, Bax, cytochrome 
c, caspase-3, caspase-9, and caspase-8, FLIP
Cells were harvested at diVerent time points after plating,
lysed in hot Laemmli buVer (95°C) and processed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions according to Lae-
mmli [14]. The protein content of cellular lysates was cal-
culated by the Coomassie Protein Assay (Pierce, Rockford,
IL). Proteins were transferred onto Hybond-ECL nitrocellu-
lose hybridization transfer membranes according to Towbin
et al. [15]. Immunodetection was performed according to
the ECL Western blotting protocol. Antibodies against IB
(Calbiochem, Frankfurt, Germany), Bcl-2 (Santa Cruz,
Heidelberg, Germany), Bid (Santa Cruz, Heidelberg, Ger-
many) and Bax (Calbiochem, Frankfurt, Germany),
caspase-8 (Calbiochem, Frankfurt, Germany), caspase-9
(Calbiochem, Frankfurt, Germany), caspase-3 (Calbio-
chem, Frankfurt, Germany), FLIP (Upstate, Cambridge,
UK) were used at 2.5 g ml¡1 solutions, and peroxidase-
labelled anti-mouse and anti-rabbit immunoglobulins were
each used at a 1/1,000 dilution. To detect cytochrome c
released into the cytoplasm, cells were gently pelletted by
low speed centrifugation (300£g), washed once in PBS,
pelletted again, and resuspended in 100 l of 10 mM
HEPES, pH 7.4, 50 mM KCl, 5 mM EGTA, 5 mM MgCl2,
1 mM DTT, and 10% sucrose. Samples were incubated on
ice for 30 min, transferred to a Dounce homogenizer, and
lysed by three strokes with a B type pestle. The solution
was transferred to a 1.5 ml tube and centrifuged (300£g)
for 10 min at 25°C. The supernatant was transferred to a
fresh tube and frozen on crushed dry ice for 1 min, fol-
lowed by high speed centrifugation (14,000g) for 10 min to
pellet the heavy membrane fraction and mitochondria. The
supernatant was removed and represented the mitochon-
dria-depleted cytoplasmic fraction, which was then immu-
noblotted for reactivity with anti-cytochrome c antibody as
described above. Homogeneous loading was assured by
Western Blot analysis of -actin (Sigma, Deisenhofen,
Germany) in each experiment.
Nuclear Extracts Electromobility Shift Assay (EMSA) 
and Super Shift Assay
Nuclear extracts were prepared according to the method of
Dignan et al. [16]. Hepatocytes (5 £ 106) were harvested
by scrape-harvesting into TBS (20 mM Tris, pH 7.2,
0.15 M NaCl). The cells were resuspended in buVer A
(0.2 ml; 10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM
MgCl2, leupeptin and aprotinin each 1 g ml¡1, PMSF
0.5 mM, 1 mM orthovanadate, 2 mM pyrophosphate) and
incubated 15 min on ice. After that, 25 ml 2.5% NP-40/
buVer A was added, mixed by inversion and the nuclei123
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extracted and analyzed as described previously. The protein
concentration was determined with Coomassie Assay
(Pierce). The labelling was done with T4 polynucleotide
kinase. The antibodies speciWc for NFB p65 were pur-
chased from Santa Cruz Biotechology (Santa Cruz Califor-
nis). EMSA (NFkB) and supershift (NFkB) reactions were
done in 20 ml reaction mixture based on the extraction
buVer with NaCl containing 10 mg nuclear extract 105 cpm
labelled oligonucleotides and, in the case of supershift,
4 mg of rabbit polyclonal antibody against the p65-NFB
(Transcruz, Santa Cruz Biotechnology). The binding reac-
tion was performed at 4°C overnight. DNA–protein com-
plexes were resolved by electrophoresis through a 4%
polyacrylamide gel containing 45 mM TRIS–borate and
1 mM ethylene diamine tetraacetic acid (EDTA) at pH 8.0.
Gel was dried and exposed to X-ray Wlm overnight. To
detect unspeciWc binding, competition experiments with a
100-fold excess of unlabelled speciWc oligonucleotides
were performed. In all control experiments, no unspeciWc
binding was detected.
Inhibition of IB translation by antisense technique
In order to inhibit IB translation, we used an IB antisense
kit (Biognostics, Goettingen, Germany). A FITC-labelled
randomized-sequence phosphorothioate oligonucleotide
was used to monitor uptake eYciency. An uptake of the oli-
gonucleotide into 80% of the cells was achieved within 8 h
as could be shown by immunoXuorescence microscopy.
Subsequently, hepatocytes were irradiated. Occurrence of
apoptosis was measured using the TUNEL-method.
Caspase-8, caspase-3, and caspase-9 activity
For detection of active caspase-8, caspase-3, or caspase-9,
we used the Active Caspase Set (Pharmingen, Germany).
Cell lysates of 5 £ 106 cells were applied and active casp-
ases-8, -3 or active caspase-9 was detected according to the
manufacturer’s protocol. To evaluate substrate speciWcity,
caspase-3, caspase-8, and caspase-9 inhibitors (Oncogene,
MA, USA) were used.
Statistical analysis
Results are expressed as mean + SD. After assessing normal
distribution of the data, signiWcance in diVerences was tested
by ANOVA, followed by Bonferroni’s post (hoc) test, and
P < 0.05 was taken to imply statistical signiWcance.
Results
IB and NFB-expression after irradiation of hepatocytes
We could show an upregulation of IB in rat hepatocytes
after irradiation with 8 Gy compared to sham-irradiated
cells 6, 12 and 24 h after irradiation on protein level
(Fig. 1a). As expected, active NFB is downregulated at
the same time as could be shown by EMSA (Fig. 1b).
Fig. 1 a Western Blot analysis 
of IB expression at diVerent 
time points after irradiation with 
8 Gy or sham irradiation. The 
blot presented is an example of 
samples of Wve diVerent isola-
tions. b NFB EMSA (left) and 
supershift assay (right). Nuclear 
extracts from hepatocytes (sham 
irradiated or irradiated with 
8 Gy) at diVerent time points 
were incubated with a 32P-la-
belled consensus NFB oligonu-
cleotide with or without 
antibodies to NFB p65 isoform. 
Gels are representative for three 
independent experiments from 
three diVerent isolations; 
ExCO = 100-fold excess cold 
NFB oligonucleotide; 8 Gy-
Ab = EMSA without NFB p65 
supershift antibody123
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apoptosis following irradiation
Administration of 100 U ml¡1 TNF- 6 h after irradiation
led to an increment of apoptosis occurrence in hepatocyte
cultures by 28.6% (8 Gy) or 57.1% (25 Gy) within 24 h
after irradiation and by 62.5% (8 Gy) or 175% (25 Gy)
within 48 h after irradiation (Fig. 2a). This increment of
portion of apoptotic hepatocytes could also be observed
when TNF- was administrated 12 h after irradiation. By
this means, an increase of apoptotic cell portion could be
observed by 120% (8 Gy), respectively 200% (25 Gy) 24 h
after irradiation, and by 150% (8 Gy) or 317% (25 Gy) 48 h
after irradiation (Fig. 2b). However, when TNF- was
added to the culture medium 18 h after irradiation, no eVect
on apoptosis of irradiated hepatocytes could be observed
suggesting that susceptibility of irradiated hepatocytes to
TNF--mediated apoptosis only occurs within a certain
time window after irradiation (Fig. 2c). However, since
downregulation of NFB–DNA-binding activity does not
depend on the time point of TNF--administration [6 or
18 h after irradiation (Fig. 2d)] additional irradiation-
induced intracellular changes seem to be necessary for the
development of susceptibility of irradiated hepatocytes to
TNF--induced apoptosis.
EVect of IB-antisense on susceptibility of irradiated 
hepatocytes to TNF--mediated apoptosis
In order to investigate, whether the radiation-induced
upregulation of IB inXuences susceptibility of rat hepato-
cytes to TNF--mediated apoptosis, we preincubated
hepatocytes with IB-antisense oligonucleotides. Subse-
quently, the hepatocyte cultures were irradiated with 8 Gy.
By this means, IB expression was drastically downregu-
lated as could be shown 24 and 48 h after irradiation
(Fig. 3a). Regarding active NFB, TNF- leads to an
upregulation in non-irradiated hepatocytes. Irradiation not
only leads to downregulation of active NFB but also
completely impairs the up-regulatory eVect of TNF-
(Figs. 2d, 3b). However, by means of IB antisense oligo-
nucleotides, the active NFB is again present in higher
amounts in irradiated hepatocytes and a further up-regula-
tory eVect of TNF- could be observed (Fig. 3b). Control
oligonucleotides had no eVect on apoptosis of irradiated
hepatocytes or on irradiated hepatocytes, to which TNF-
was added 6 h after irradiation. However, irradiated cul-
tures, which were preincubated with IB-antisense oligo-
nucleotides, lost their susceptibility to TNF--mediated
apoptosis. In fact, the increment of apoptotic cells due to
TNF--administration 6 h after irradiation was reduced to
control levels at the time points 24 and 48 h after irradia-
tion (Fig. 3c).
InXuence of IB-antisense oligonucleotides on activity 
of caspase-8, caspase-9, and caspase-3 in rat hepatocytes 
irradiated with 8 Gy with/without TNF- administration
To further elucidate the interaction between TNF--signal-
ling and involvement of radiation-dependent upregulation
of IB for TNF- mediated apoptosis of hepatocytes, activ-
ity of caspase-8, caspase-9, and the eVector caspase-3 was
measured. Independent from IB-expression, TNF-
(administered 6 h after irradiation with 8 Gy) led to an
increase of caspase-8 activity up to 3.2-fold within 24 h and
up to 4.4-fold within 48 h after irradiation (Fig. 4a). In the
same settings, TNF- also led to a strong increase of
caspase-9 activity (4.9-fold within 24 h and 6.2-fold within
48 h after irradiation). However, this TNF--induced
increase of caspase-9 activity in irradiated hepatocytes
could fully be blocked to control level when IB-antisense
oligonucleotides were used (Fig. 4b). This eVect of IB-
antisense oligonucleotides was carried forward also for the
activity of the eVector caspase-3 (Fig. 4c), and in all cases
Western blot analyses supported the caspase activity
assays. On the other hand, it has also to be mentioned that
administration of TNF- to non-irradiated hepatocytes did
not lead to an increased activity of caspase-8, caspase-9, or
caspase-3 (data not shown).
EVect of irradiation and IB-antisense oligonucleotides 
on Bid, Bcl-2, Bax and cytochrome c release
As demonstrated above, activation of caspase-9 seems to be
crucial for TNF- mediated apoptosis induction of irradi-
ated hepatocytes, suggesting the involvement of the mito-
chondrial apoptosis pathway. In fact, administration of
TNF- to irradiated hepatocytes leads to cleavage of Bid to
tBid. This eVect could be cancelled by administration of
IB-antisense oligonucleotides. Furthermore, a TNF-
mediated downregulation of anti-apoptotic Bcl-2 and
upregulation of pro-apoptotic Bax could be observed,
which also could be avoided by usage of IB-antisense oli-
gonucleotides. Finally, in the same setting a signiWcant
release of cytochrome c into the cytosol could be observed
(Fig. 5a). These data strongly support the thesis that radia-
tion-induced upregulation of IB leads to susceptibility of
hepatocytes to TNF--mediated apoptosis by the mitochon-
drial apoptosis pathway. This thesis is further supported
using the mitochondrial membrane sensor kit to detect
apoptosis. This method allows to detect apoptosis-related
changes at the level of the mitochondrial membrane in irra-
diated hepatocytes as early as 12 h after administration of
TNF- (Fig. 5b). At this point of time, no signiWcant
increase of apoptosis could be observed at the level of DNA
damage as measured by the TUNEL method or at the level
of the cell membrane (AnnexinV/propidium iodide-123
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could Wrst be observed 18 h after TNF- administration
(24 h after irradiation). Notably, pre-treatment with IkB-
antisense oligonucleotides was capable to prevent irradi-
ated hepatocytes from apoptotic changes. It is however, still
unclear, why TNF- leads to activation of caspase-8 after
irradiation, which cannot be inXuenced by means of IB-
downregulation and does not lead to caspase-8 activation in
sham-irradiated hepatocytes. Western blot analysis
revealed that FLIP, a potent inhibitor of caspase-8 activa-
tion, is downregulated after irradiation and its expression is
not under the control of IB, suggesting that downregula-
tion of FLIP due to irradiation might enable the pro-apopto-
tic TNF--signal-transduction pathway (Fig. 5c).
Fig. 2 Apoptosis of hepato-
cytes at diVerent time points af-
ter irradiation (sham, 2, 8, 
25 Gy) with or without TNF- 
(100 U ml¡1) administrated 6 h 
(a), 12 h (b) or 18 h (c) after irra-
diation or sham irradiation. 
Apoptosis rates were assessed 
using the AnnexinV/PI- method. 
Values presented are mean + SD 
of seven diVerent hepatocyte 
isolations. Level of signiWcance: 
* P<0.05; ** P < 0.01. d NFB 
EMSA (left) and supershift as-
say (right). Nuclear extracts 
from hepatocytes (sham irradi-
ated or irradiated with 8 Gy at 
time point (48 h after irradiation) 
were incubated with a 32P-la-
belled consensus NFB oligonu-
cleotide with or without 
antibodies to NFB p65 isoform. 
100 U ml¡1 TNF- was added 6 
or 18 h after irradiation/sham 
irradiation. Gels are representa-
tive of three independent experi-
ments from three diVerent 
isolations; ExCO 100-fold ex-
cess cold NFB oligonucleotide; 
-AB EMSA without NFB p65 
supershift antibody123
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NFB is an essential component of ionizing radiation-trig-
gered signal transduction pathways that can lead either to
cell death or survival, depending on the respective cell type
(for a review see [17]), and numerous studies have demon-
strated that inhibition of NFB by diVerent means
increased sensitivity of cancer cells to the apoptotic action
of diverse eVectors such as TNF-, chemo- or radiothera-
pies (for review see [18]). In both primary rat hepatocytes
and a non-transformed rat hepatocyte cell line, inhibition of
NFB-activity by adenoviral delivery of a IB superrepres-
sor sensitized these cells to death from TNF- [19, 20].
However, TNF- was also recently shown to sensitize for
DNA-damage-induced apoptosis via an NF-kappa-B inde-
pendent mechanism [21].
We show that blocking IB-transcription by IB-anti-
sense oligonucleotides in hepatocytes and thus preventing
the radiation-induced upregulation of IB sensitizes hepa-
tocytes to TNF- mediated apoptosis. These data suggest
that inactivation of NFB is crucial for inducing suscepti-
bility of these cells to TNF--mediated apoptosis.
Based on the existence of one or two distinct domains,
the TNF-R superfamily members are divided into two sub-
groups, the death domain (DD)-containing receptors and
the TNF-R-associated factor (TRAF) interacting receptors
[22]. TNF-R1 belongs to the Wrst group and the earliest
adaptor molecule recruited to the intracellular DD of the
TNF-R1 is the TNF-R-associated death domain (TRADD)
[23]. The apoptotic cell death pathway is activated follow-
ing recruitment of the fas-associated death domain
(FADD/MORT1) protein to TRADD through interactions
between the DD in each protein [24]. FADD carries a sec-
ond domain, the death eVector domain (DED), which
recruits proteins from the caspase family of enzymes.
Upon co-localization with FADD, high, localized concen-
trations of procaspase-8 undergo autoproteolytic cleavage,
releasing activated caspase-8. This complex has been
termed death-inducing signalling complex (DISC) [25,
26]. After DISC formation, TNF-induced hepatocyte death
results from the mitochondrial death pathway in which
caspase-8 activation leads to functional changes in the
mitochondria, such as mitochondrial permeability transi-
tion resulting in the release of mitochondrial proteins (e.g.
cytochrome c) into the cytosol. The mechanism of cyto-
chrome c release involves cleavage of the Bcl-2 family
member Bid (tBid) [27]. Truncated Bid (tBid) migrates
into the mitochondria and triggers oligomerization of the
pro-apoptotic Bcl-2 members Bax and Bak. These mole-
cules then insert into the mitochondrial membrane, which
results in release of mitochondrial proteins including cyto-
Fig. 3 a Western blot analysis of hepatocytes incubated with or with-
out IB antisense nucleotide 12 h before irradiation (8 Gy) with or
without TNF- (100 U ml¡1 6 h after irradiation). Cells were harvested
24 or 48 h after irradiation. We could conWrm the data in Wve diVerent
blots of Wve diVerent isolations. C Control; CO control oligonucleo-
tide; AS antisense oligonucleotide. b NFB supershift assay. Nuclear
extracts from hepatocytes incubated with or without IB antisense
nucleotide 12 h before irradiation with or without TNF- (100 U ml¡1
6 h after irradiation). Cells, harvested 48 h after irradiation, were incu-
bated with a 32P-labelled consensus NFB oligonucleotide and anti-
bodies to NFB p65 isoform. Gel is representative of three
independent experiments from three diVerent isolations; ExCO 100-
fold excess cold NFB oligonucleotide; AS-Ab probe of nuclear ex-
tracts from cells incubated with IB antisense oligonucleotides 12 h
prior to irradiation and administration of TNF- 6 h after irradiation
without NFB p65 supershift antibody. c Apoptosis induction in irra-
diated hepatocytes with or without preincubation with IkB-antisense
oligonucleotides with or without TNF- (100 U ml¡1) 6 h after irradi-
ation. Cells were harvested 24 or 48 h after irradiation and apoptosis
was measured using the AnnexinV/PI- method. Mean + SD of seven
diVerent hepatocyte isolations. Level of signiWcance: * P < 0.05123
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chrome c triggers formation of the apoptosome, a complex
with apoptosis protease activating factor-1 (APAF-1) and
procaspase-9. Caspase-9 becomes activated and in turn
activates caspase-3, resulting in apoptosis [29]. Cell types
that are dependent on this mitochondrial death pathway
have been termed type II cells. In contrast, type I cells gen-
erate high levels of caspase-8 that directly activate
caspase-3. Since activation of caspase-8 due to TNF-
administration after irradiation only leads to caspase-3
activation when NFB-activity is downregulated, whereas
high activity of NFB as a result of usage of IB-antisense
oligonucleotides inhibits caspase-9 but also caspase-3
activity, our data are in accordance with those terming
hepatocytes to be type II cells [30, 31]. This may also be
supported by the data demonstrating cleavage of Bid,
Fig. 4 Activity of caspase-8 
(Fig. 3a), -9 (Fig. 3b), and -3 
(Fig. 3c). After a 12 h incuba-
tion with antisense oligonucleo-
tides, hepatocytes were 
irradiated with 8 Gy (time point 
0 h). Cells were harvested 24 or 
48 h after irradiation with or 
without TNF- administration 
6 h after irradiation. Indicated 
are mean + SD of seven diVerent 
hepatocyte isolations. Level of 
signiWcance: ** P < 0.01. In all 
cases, Western blot analysis (in-
sets) supports the activity assays 
demonstrating cleavage of the 
respective pro-caspases into 
their active forms. The Blots 
presented, derived from cell ly-
sates of hepatocytes irradiated 
with 8 Gy and harvested 48 h af-
ter irradiation with or without 
TNF- administration 6 h after 
irradiation. C Control; CO con-
trol oligonucleotide; AS anti-
sense oligonucleotide)123
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of cytochrome c into the cytosol dependent on upregula-
tion of IB in irradiated hepatocytes. The mechanism how
NFB-signalling inXuences TNF- death signalling path-
way in hepatocytes is unknown. However, our data from
irradiated hepatocytes demonstrate that NFB is capable
to block TNF--mediated apoptosis in hepatocytes down-
stream of caspase-8 activation but upstream of caspase-9
activation. Besides upregulating IB and thereby facilitat-
ing activation of caspase-9 by TNF-, irradiation also
enables TNF--mediated caspase-8 activation in rat hepa-
tocytes. Noteworthy, this part of TNF- signalling after
irradiation is not under the control of NFB suggesting
that irradiation induces additional changes at the level of
DISC-formation and caspase-8 activation. One possibility
might be the downregulation of apoptosis inhibiting pro-
teins in the TNF- signal transduction pathway like FLIP
(fas ligand inhibitory protein), which we were able to
demonstrate in our system [32, 33], members of the
SOCS-family (silencers of cytokine signalling) [34] and/or
members of the IAP-family (inhibitor of apoptosis) [35,
36]. However, preliminary Western blot data on IAP did
not show any regulation of IAP after irradiation when
compared to non-irradiated hepatocytes. A rapid re-pro-
duction of these proteins after radiation-induced downreg-
ulation might be the reason, why susceptibility of
hepatocytes after irradiation to TNF--mediated apoptosis
only occurs when TNF- is administered within a time
window of 6–12 h after irradiation, whereas the eVect of
irradiation on IB-upregulation and consecutively on
downregulation of active NFB lasts at least 48 h. How-
ever, our data also show that induction of the TNF--death
pathway within this time window is capable of maintain-
ing the apoptosis process beyond this vulnerable period of
time suggesting that TNF-signalling itself may lead to
downregulation of apoptosis inhibitory proteins.
Fig. 5 a Western blot analysis 
of Bid, Bcl-2, Bax in cell lysates 
as well as cytosolic cytochrome 
c. After 12 h incubation with 
IB-antisense oligonucleotides, 
hepatocytes were irradiated with 
8 Gy (time point 0 h). Subse-
quently, cells were treated with 
or without TNF- 6 h after irra-
diation and cells were harvested 
48 h after irradiation. C Control; 
CO control oligonucleotide; AS 
antisense oligonucleotide. We 
could conWrm the data in Wve 
independent experiments. b 
Hepatocyte apoptosis detection 
by the mitochondrial membrane 
sensor kit. In healthy cells, the 
dye accumulates in the mito-
chondria and Xuoresces red. In 
case of apoptosis, the dye accu-
mulates in the cytoplasm and Xu-
oresces green. C Control; CO 
control oligonucleotide; AS anti-
sense oligonucleotide). c 
Expression of FLIP in hepato-
cytes. After 12 h incubation with 
IB-antisense oligonucleotides, 
hepatocytes were irradiated with 
8 Gy (time point 0 h). Subse-
quently, cells were treated with 
or without TNF- 6 h after irra-
diation and cells were harvested 
48 h after irradiation. Data of 
non-irradiated (n.i.) and irradi-
ated cultures are given. C Con-
trol; CO control oligonucleotide; 
AS antisense oligonucleotide)123
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that mice pre-treated with antisense oligonucleotides for
TNFR1 when compared to control mice show less radiation-
induced liver damage as measured by increment of transam-
inases and by the TUNEL method, which supports our thesis
that TNF- released by KupVer cells and/or macrophages
due to irradiation Wnally may lead to apoptosis of hepato-
cytes via the pathway described above. Huang et al. [37]
also demonstrated that pre-treatment of their mice with anti-
sense oligonucleotides for FAS did not prevent radiation-
induced liver apoptosis. In our system however, using FASL
(CD95L) in a similar approach as used for TNF-, apoptosis
of hepatocytes could be observed (data not shown). This
apparent contradiction may be resolved when regarding the
time window of observation. Huang et al. observed a time
period of 8 h. In our previous paper, we reported that already
within 3 h post-irradiation we could Wnd a pronounced
increment of TNF- in the liver. Therefore, induction of
apoptosis in hepatocytes may occur by the pathway
described above. However, the ligand for FAS (CD95L)
necessary to induce apoptosis is mainly carried by inXam-
matory cells such as macrophages. Therefore, the time of
observation by Huang et al. may be to short, since within
this time the migration of inXammatory cells through the
sinusoidal epithelial cell layer may not occur and thus con-
siderable contact between CD95L carrying cells and the
CD95 carrying hepatocytes does not happen. From our data
on TNF- and CD95L-induced apoptosis of hepatocytes,
both leading to activation of caspase-8 in irradiated hepato-
cytes but not in control cells we would suggest that activa-
tion of death domain containing receptors leading to
caspase-8 activation like FAS, TNFR1, and probably also
the TRAIL receptors are candidates to induce hepatocyte
apoptosis after liver irradiation. Similarly, it has been shown
that the CD95/CD95–ligand system mediates radiation-
induced pneumonitis and TRAIL receptor antibodies can
enhance radiation eVects on tumour cells [38, 39].
Acknowledgments This work was supported by the Deutsche Kreb-
shilfe, Project 106760.
Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
References
1. Alati T, Eckl P, Jirtle RL (1989) An in vitro micronucleus assay
for determining the radiosensitivity of hepatocytes. Radiat Res
119:562–568
2. Alati T, Van CM, Jirtle RL (1989) Radiosensitivity of parenchy-
mal hepatocytes as a function of oxygen concentration. Radiat Res
118:488–501
3. Alati T, Van CM, Strom SC, Jirtle RL (1988) Radiation sensitivity
of adult human parenchymal hepatocytes. Radiat Res 115:152–
160
4. Jirtle RL, Michalopoulos G, McLain JR, Crowley J (1981) Trans-
plantation system for determining the clonogenic survival of
parenchymal hepatocytes exposed to ionizing radiation. Cancer
Res 41:3512–3518
5. Jirtle RL, DeLuca PM, Hinshaw WM, Gould MN (1984) Survival
of parenchymal hepatocytes irradiated with 14.3 MeV neutrons.
Int J Radiat Oncol Biol Phys 10:895–899
6. Jirtle RL, Michalopoulos G, Strom SC, DeLuca PM, Gould MN
(1984) The survival of parenchymal hepatocytes irradiated with
low and high LET radiation. Br J Cancer Suppl 6:197–201
7. Jirtle RL, McLain JR, Strom SC, Michalopoulos G (1982) Repair
of radiation damage in noncycling parenchymal hepatocytes. Br J
Radiol 55:847–851
8. Wang S, Quadri SM, Tang XZ, Stephens LC, Lollo CP, Bartholo-
mew RM, Vriesendorp HM (1995) Liver toxicity induced by com-
bined external-beam irradiation and radioimmunoglobulin
therapy. Radiat Res 141:294–302
9. Jirtle RL, Anscher MS, Alati T (1990) Radiation sensitivity of the
liver. Adv Radiat Biol 14:269–311
10. Geraci JP, Mariano MS, Jackson KL (1991) Hepatic radiation in-
jury in the rat. Radiat Res 125:65–72
11. Geraci JP, Mariano MS, Jackson KL (1993) Radiation hepatology
of the rat: time-dependent recovery. Radiat Res 136:214–221
12. Christiansen H, Saile B, Neubauer-Saile K, Tippelt S, Rave-Frank
M, Hermann RM, Dudas J, Hess CF, Schmidberger H, Ramadori
G (2004) Irradiation leads to susceptibility of hepatocytes to TNF-
alpha mediated apoptosis. Radiother Oncol 72:291–296
13. Christiansen H, Batusic D, Saile B, Hermann RM, Dudas J, Rave-
Frank M, Hess CF, Schmidberger H, Ramadori G (2006) IdentiW-
cation of genes responsive to gamma radiation in rat hepatocytes
and rat liver by cDNA array gene expression analysis. Radiat Res
165:318–325
14. Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:680–685
15. Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellulose sheets: pro-
cedure and some applications. Proc Natl Acad Sci USA 76:4350–
4354
16. Dignam JD, Lebovitz RM, Roeder RG (1983) Accurate transcrip-
tion initiation by RNA polymerase II in a soluble extract from iso-
lated mammalian nuclei. Nucleic Acids Res 11:1475–1489
17. Wang T, Zhang X, Li JJ (2002) The role of NF-kappaB in the reg-
ulation of cell stress responses. Int Immunopharmacol 2:1509–
1520
18. Magne N, Toillon RA, Bottero V, Didelot C, Houtte PV, Gerard
JP, Peyron JF (2006) NF-kappaB modulation and ionizing radia-
tion: mechanisms and future directions for cancer treatment. Can-
cer Lett 231:158–168
19. Bradham CA, Qian T, Streetz K, Trautwein C, Brenner DA, Le-
masters JJ (1998) The mitochondrial permeability transition is re-
quired for tumor necrosis factor alpha-mediated apoptosis and
cytochrome c release. Mol Cell Biol 18:6353–6364
20. Xu Y, Bialik S, Jones BE, Iimuro Y, Kitsis RN, Srinivasan A,
Brenner DA, Czaja MJ (1998) NF-kappaB inactivation converts a
hepatocyte cell line TNF-alpha response from proliferation to
apoptosis. Am J Physiol 275:C1058–C1066
21. Schmelz K, Wieder T, Tamm I, Muller A, Essmann F, Geilen CC,
Schulze-OsthoV K, Dorken B, Daniel PT (2004) Tumor necrosis
factor alpha sensitizes malignant cells to chemotherapeutic drugs
via the mitochondrial apoptosis pathway independently of
caspase-8 and NF-kappaB. Oncogene 23:6743–6759
22. Bhardwaj A, Aggarwal BB (2003) Receptor-mediated choreogra-
phy of life and death. J Clin Immunol 23:317–332123
94 Radiat Environ Biophys (2009) 48:85–9423. Hsu H, Xiong J, Goeddel DV (1995) The TNF receptor 1-associ-
ated protein TRADD signals cell death and NF-kappa B activa-
tion. Cell 81:495–504
24. Chinnaiyan AM, Tepper CG, Seldin MF, O’Rourke K, Kischkel
FC, Hellbardt S, Krammer PH, Peter ME, Dixit VM (1996)
FADD/MORT1 is a common mediator of CD95 (Fas/APO-1) and
tumor necrosis factor receptor-induced apoptosis. J Biol Chem
271:4961–4965
25. Kischkel FC, Hellbardt S, Behrmann I, Germer M, Pawlita M,
Krammer PH, Peter ME (1995) Cytotoxicity-dependent APO-1
(Fas/CD95)-associated proteins form a death-inducing signaling
complex (DISC) with the receptor. EMBO J 14:5579–5588
26. Muzio M, Stockwell BR, Stennicke HR, Salvesen GS, Dixit VM
(1998) An induced proximity model for caspase-8 activation. J
Biol Chem 273:2926–2930
27. Barnhart BC, Alappat EC, Peter ME (2003) The CD95 type I/type
II model. Semin Immunol 15:185–193
28. Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V,
Ross AJ, Roth KA, MacGregor GR, Thompson CB, Korsmeyer SJ
(2001) Proapoptotic BAX and BAK: a requisite gateway to mito-
chondrial dysfunction and death. Science 292:727–730
29. Zou H, Li Y, Liu X, Wang X (1999) An APAF-1.cytochrome c
multimeric complex is a functional apoptosome that activates pro-
caspase-9. J Biol Chem 274:11549–11556
30. De La CA, Fabre M, McDonell N, Porteu A, Gilgenkrantz H, Per-
ret C, Kahn A, Mignon A (1999) DiVerential protective eVects of
Bcl-xL and Bcl-2 on apoptotic liver injury in transgenic mice. Am
J Physiol 277:G702–G708
31. Van MW, Denecker G, Rodriguez I, Brouckaert P, Vandenabeele
P, Libert C (1999) Activation of caspases in lethal experimental
hepatitis and prevention by acute phase proteins. J Immunol
163:5235–5241
32. Krueger A, Baumann S, Krammer PH, KirchhoV S (2001) FLICE-
inhibitory proteins: regulators of death receptor-mediated apopto-
sis. Mol Cell Biol 21:8247–8254
33. Meinl E, Fickenscher H, Thome M, Tschopp J, Fleckenstein B
(1998) Anti-apoptotic strategies of lymphotropic viruses. Immu-
nol Today 19:474–479
34. Sass G, Shembade ND, Tiegs G (2005) Tumour necrosis factor al-
pha (TNF)-TNF receptor 1-inducible cytoprotective proteins in the
mouse liver: relevance of suppressors of cytokine signalling. Bio-
chem J 385:537–544
35. Fotin-Mleczek M, Henkler F, Samel D, Reichwein M, Hausser A,
Parmryd I, Scheurich P, Schmid JA, Wajant H (2002) Apoptotic
crosstalk of TNF receptors: TNF-R2-induces depletion of TRAF2
and IAP proteins and accelerates TNF-R1-dependent activation of
caspase-8. J Cell Sci 115:2757–2770
36. Deveraux QL, Roy N, Stennicke HR, Van AT, Zhou Q, Srinivasu-
la SM, Alnemri ES, Salvesen GS, Reed JC (1998) IAPs block
apoptotic events induced by caspase-8 and cytochrome c by direct
inhibition of distinct caspases. EMBO J 17:2215–2223
37. Huang XW, Yang J, Dragovic AF, Zhang H, Lawrence TS, Zhang
M (2006) Antisense oligonucleotide inhibition of tumor necrosis
factor receptor 1 protects the liver from radiation-induced apopto-
sis. Clin Cancer Res 12:2849–2855
38. Marini P, Schmid A, Jendrossek V, Faltin H, Daniel PT, Budach
W, Belka C (2005) Irradiation speciWcally sensitises solid tumour
cell lines to TRAIL mediated apoptosis. BMC Cancer 5:5
39. Heinzelmann F, Jendrossek V, Lauber K, Nowak K, Eldh T, Boras
R, Handrick R, Henkel M, Martin C, Uhlig S, Kohler D, Eltzschig
HK, Wehrmann M, Budach W, Belka C (2006) Irradiation-in-
duced pneumonitis mediated by the CD95/CD95-ligand system. J
Natl Cancer Inst 98:1248–1251123
